Introduction
Among the quantities used to describe plastic deformation, two of the most important for the understanding of the mechanical behavior of metallic materials during deformation are the dislocations density and the crystallographic texture.
When a metal is plastically deformed, the bulk of the energy involved in the process is dissipated as heat, but some energy is stored, increasing the internal energy. This stored energy is associated with an increase in the amount of crystal defects, such as dislocations. During the deformation process, multiple dislocations, which interact among themselves and with other microstructural features, promote the formation of complex cellular substructures 1, 2 . Dislocation density is a microstructural feature that can be investigated by several techniques, but the most commonly used are TEM 3 and XRD
4
. Through TEM, the dislocation density can be obtained by quantitative stereology relations, such as the one proposed by Ham in 1961 . In this method, a set of random lines with a total length L is projected in a given area A of a TEM micrograph and the number of intersections N that dislocations make with the grid lines is used to estimate the dislocation density using the equation 3 (1)
where ρ is the dislocation density and t is the sample thickness.
In the case of XRD, the dislocation density is estimated from the broadening of the diffraction peaks using an appropriate function to model the shape of the diffraction line. Over the years, methods and programs have been developed to estimate the dislocation density from diffraction line profiles. In particular, a group of researchers from the Institute of Physics of the Eötvös Loránd University in Hungary developed a computer program called Convolutional Multiple Whole Profile (CMWP) that evaluates several microstructural parameters of the diffraction profiles, among them the value of ρ
.
The CMWP program is based on concepts similar to those of the Rietveld refinement. In other words, it involves generating a theoretical diffraction pattern represented by analytic functions and fitting this pattern to the experimental diffractogram. The theoretical diffraction pattern is represented
where BG (2θ) is the background function, aaaais the peak intensity, aa 00is the 2θ value at the peak and aaaais the theoretical profile function (peak broadening) for the hkl reflection.
The theoretical profile function is expressed by a Fourier transform obtained by convolution of the measured instrumental profile function, the crystallite size profile function, the microstrain profile function for dislocations and the profile function of the stacking faults. The instrumental profile function is obtained from a standard sample, which necessarily provides a large number of well separated 
where f is the strain function, g is the absolute value of the diffraction vector, L is the displacement of the atoms relative to their ideal position, b is the absolute value of the Burgers-vector and Re is a length parameter. The C parameter is the contrast factor of the dislocation, which depends on the elastic constants of the material, the orientation, the diffraction vector, the Burgers vector, the line vector and the normal vector of the slip plane of the dislocation 6 . The crystallographic texture assessment may also be done using the XRD technique. For this, three different pole figures are measured and the orientation distribution function (ODF) is calculated via spherical harmonics. Then, the inverse pole figures (IPF) are recalculated and plotted.
In this work, the dislocation density of the copper deformed by cold rolling and ECAP was studied by the XRD and TEM. The results obtained using the two methods were compared and found to be consistent. The Vickers hardness of the materials was measured and related to the dislocation density. The crystallographic texture was significantly dependent on the deformation process and led to strengthening of the samples deformed by cold rolling and weakening of the samples deformed by ECAP.
Material and Methods
The material used in this study was copper (99.9%) supplied by Paranapanema Company as sheets (3.17 mm thick) for cold rolling and as a round bar (9.52 mm in diameter) for ECAP. The sheets and the bar were annealed at 600 °C for 1 h, cooled to room temperature in the furnace and then pickled by immersion in a 10% H 2 SO 4 solution for 10 min 7 . Samples taken from the sheets and the bar at this stage and named CA, they were also called as underformed materials.
The sheets were cold rolled with reduction of 10%, 30%, 50%, 70% and 85% in thickness and named C10, C30, C50, C70 and C85, respectively.
Billets of 10 mm diameter and 70 mm length were cut from the bar and processed using 1 to 4 ECAP passes at room temperature, following route B c , in a die with an angle between the channels of Φ = 120 o and an outer angle of curvature of Ψ = 22 o . The samples were extruded with MoS 2 base lubrication and named C1X, C2X, C3X and C4X for 1, 2, 3 or 4 passes, respectively.
In order to compare the samples deformed by rolling and by ECAP, the equivalent strain for both deformation routes was calculated. The equivalent true strain for the rolling process is given by
(4)
where ε 3 is the true thickness strain. The equivalent strain calculated for ECAP processing, is given by
where N is the number of passes, Φ is the channel intersection angle and Ψ is the outer angle or curvature.
The samples to be analyzed by XRD were ground, mechanically polished with diamond paste and chemically polished with a solution containing 1 part of HNO 3 , 1 ¼ parts of acetic acid (CH 3 CO 2 H) and 2 ¾ part of phosphoric acid H 3 PO 4 7 . The X-Ray diffractograms were recorded using a PANalytical X'Pert PRO MRD diffractometer with Co-Kα radiation. The XRD patterns were analyzed through the HightScore Plus software. A standard sample of LaB 6 powder was used for measuring the instrumental profile ( Figure 1 ). The dislocation density was estimated using the CMWP program and the contrast factors were calculated and measured using the ANIZC program 10 . The CMWP program was developed by Gábor Ribárik and Tamás Ungar, both belonging to the Institute of Physics of the Eötvös Loránd University located in Hungary. The program is available by access web browsers through the website http://www.renyi. hu/cmwp. The ANIZC program was used through the site http://metal.elte.hu/anizc. The sample used to demonstrate the procedure performed by the CMWP program was the 30% rolled copper, C30. The first step was to obtain the sample diffractogram as shown in Figure 2 . For the refinement of the diffraction peaks line broadening, the instrumental profile and crystallite size effect were taken in account by the software. The program provides the refinement graph of the sample as a result, allowing its users to evaluate the adjustment quality. Figure 3 shows the refinement graph of the C30 sample. The same procedure was used for the other samples.
The crystallographic texture was investigated via inverse pole figures calculated by the popLA code using (111), (200) and (220) pole figures measured by XRD. For cold rolled samples, the rolling direction was taken as reference direction; for the samples deformed by ECAP, the radial direction was taken as reference direction. In order to compare the two results, the texture was analyzed using the (001) inverse pole figures for the rolled samples and the (100) IPF for the samples deformed by ECAP.
The TEM micrographs were recorded using a JEOL JEM-2100F Transmission Electron Microscope. The samples were prepared by electrolytic polishing in a 30% (HNO 3 ) and 70% methanol (CH 3 OH) solution at room temperature. The dislocation density was determined using the Ham intercept method 3 . Four micrographs were obtained in two different grains for CA samples and three micrographs were obtained per region in four different grains for C85 samples 11, 12 . The sample thickness values needed to calculate the dislocation density were obtained by the Electron Energy Loss Spectroscopy (EELS) technique.
The Vickers hardness tests were performed on all samples and the final result was the average of six indenting marks per specimen. The areas used for the test were ground and mechanically polished with diamond paste. The Vickers penetration test was performed using loads of 10 g (98.07 mN).
Results and Discussion
A graph of the dislocation density versus equivalent strain for samples deformed by cold rolling and by ECAP. It is shown in Figure 4 . For cold rolled samples, the dislocation density increases with deformation. As can be seen in Figure 4 , ρ is about 10 8 dislocations/cm 2 for undeformed samples, 10 11 dislocations/ cm 2 for specimen with 30% reduction and 10 12 dislocations/ cm 2 for 70% reduction. The increase in dislocation density was expected and can be explained by the generation and multiplication of dislocations that occur during the deformation of cold worked metals. On the other hand, the dislocation density changed very little in the final stages of deformation, i.e., from 70% to 85%. This saturation was also expected, since it is known that the dislocation sources are not infinitely activated during deformation due to stacking of dislocations in the slip plane. There is also a competition between generation and annihilation of dislocations due to a dynamic recovery process that probably starts to operate at high deformation levels. Similar results were also reported by Haberjahn et al. 13 .
In the case of samples deformed by ECAP, the effect of the first pass is much larger than that of the subsequent passes, making the dislocation density increase from about 10 9 dislocations/cm 2 for undeformed samples to 10 12 dislocations/cm 2 . This behavior also observed by Murata et al. 14 and Mishra et al. 15 and attributed to a dynamic balance between the generation and annihilation of dislocations after the first pass.
It should be noted that although the dislocation density saturates in both processes, saturation occurs for lower values of equivalent strain in the case of samples deformed by ECAP.
On can also see in Figure 4 that, for similar levels of equivalent strain, the dislocation density of samples deformed by ECAP is larger than that of samples deformed by cold rolling, which suggest that ECAP processing is more effective than cold rolling in accumulating dislocations. This difference could be due to several factors. First, the deformation mechanisms are different in the two processes: cold rolling involves plane strain, while ECAP it is almost pure shear. Moreover, it is known 7 that there are differences in the strain rate and, consequently, in the strain hardening imposed to the material by the two processes, which are also reflected on the dislocation density. Other aspects that should be also considered are related to the microstructure. In particular, there is a correlation between the strain state and microstructure. For example, Miyajima et al. 16 observed that the dislocation density depends on grain shape and size in the case of samples deformed by ECAP. Ungar et al.
17
, Ni et al. 18 and Dalla Torre et al. 19 showed that, for similar values of equivalent strain, the grain sizes in samples deformed by ECAP are smaller than in samples deformed by cold rolling. Other factor that should be taken into account is the number of subgrain boundaries. Cobos-Higuera et al. 20 showed that subgrain boundaries are more numerous in samples deformed by ECAP than in samples deformed by cold rolling. Figure 5 shows a graph of hardness versus equivalent strain for samples deformed by cold rolling and by ECAP. It can be seen that, for the same equivalent deformation, the hardness of the samples deformed by cold rolling is always smaller than the sample deformed via ECAP. The reasons for this behavior are probably similar of those presented in the discussion of the paragraph before this where it was discussed the relation between dislocation density and deformation process to the same equivalent deformation. One should bear in mind that the amount of equivalent strain is higher in one pass of ECAP than in one pass of rolling. ECAP samples hardness increased abruptly after the first pass and remains almost constant up to the third pass. After the fourth ECAP pass, the samples showed an increase in hardness but no appreciable increase in the dislocation density. According to Habibi et al. 21 this late increase in hardness can be attributed to subgrain structural changes during the last ECAP pass.
values of the dislocation density for the undeformed sample than for the cold rolled sample. However, a discrepancy was observed with respect to the values of dislocation density. In the case of the underformed sample, the TEM results yielded a larger value for the dislocation density than the XRD results, while the opposite happened in the case of the deformed sample. For the underformed sample, an overestimate of the value obtained by TEM can be attributed to a systematic error in the selection of the investigated area, as suggested by Sousa et al. 22 . For the deformed sample, a possible source of error in the TEM measurements is the great difficulty in counting individual dislocations in the dense dislocation tangles of highly deformed samples (Figure 7) , favoring an underestimate of the dislocation density, as previously reported by Sousa et al. 22 and Bailey and Hirsch 12 . Thus, despite the differences, values found by XRD and TEM can be considered appropriate and self-consistent 23 . While the TEM results were presumably impacted by systematic errors, which can be reduced increasing the number analyzed areas Another goal of this work was to compare the values of the dislocation density measured by XRD and TEM. For this, we used an undeformed sample and a cold rolled sample with 85% reduction (C85). Figure 6 and Figure 7 show typical micrographs of CA and C85 samples, respectively. The dislocation densities estimated from TEM micrographs, using Eq. (1), and from XRD results, are shown in Table 1 . The results are consistent in the sense that both yield smaller Figure 8 shows the inverse pole figures (IPF) of samples C50, C70 and C85, deformed by cold rolling. The IPF of samples C1X, C2X and C3X, deformed by ECAP, is shown in Figure 9 .
According to Figure 8 , in samples deformed by cold rolling, the texture intensity increases with deformation. On the other hand, as can be seen in Figure 9 , in samples deformed by ECAP, the texture intensity decreases with the number of passes; after the third pass, the texture has almost disappeared. This decrease is due to the fact that the direction and/or sense of shear strain imposed by the process is different in each pass, leading to a dispersion of the texture. It is also important to remark that the texture of the C1X sample is already relatively low. Also, one can check a texture change due to the type of route used. Observing the IPF's of ECAP samples, it is evident that after odd passes there is the presence of the (001) pole while after the even passes it disappears. It is possible to realize that for the odd passes the shear direction are the same but in the opposite sense, what may explain the decrease in the (001) pole intensity after the second odd pass when compare to the first. The shear planes in pass 2 are in different direction and sense when compared to the odd passes, what may explain the absence of the (001) pole in its IPF. Furukama et al. 25 and Kliauga et al. 26 have already related the effect of this shear plane crossing on the material texture using different ECAP routes, including the Bc route. Kliauga et al. 26 also reported that using Bc route, the sample texture tends to become more random after some ECAP passes. El-Danaf 27 has also reported that commercially pure aluminum texture starts to become smoother after the ECAP fourth step, when the Bc route was used.
Oppositely to ECAP, cold rolling IPF's conducted to a continuous enhancing of the texture intensity with passes. Unlikely the ECAP process, the rolling always occurs in the same direction favoring the intensification of some texture components. This fact can be perceived through the intensity of the (101) and (112) poles after each pass.
Conclusions
From the results obtained in this work, it can be concluded that, for copper,
• The evolution of dislocation density in samples deformed by rolling and ECAP is consistent with the progress of the deformation processes; • The measurements of dislocation density by XRD and hardness are consistent fir both deformation processes; • Measurement of dislocation density by XRD line broadening is qualitatively consistent with TEM results; • In samples deformed by cold rolling, the texture intensity increases with deformation; while, in samples deformed by ECAP, the texture intensity decreases with the number of passes and almost disappears after three passes.
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